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Conclusion. We conclude that IL-1–stimulated AA release,Interleukin-1 stimulates Jun N-terminal/stress-activated pro-
in part, mediates stimulation of JNK1/SAPK activity and thattein kinase by an arachidonate-dependent mechanism in mes-
AA activates JNK1/SAPK by a mechanism that does not re-angial cells.
quire enzymatic oxygenation. JNK1 signaling pathway compo-Background. We have studied interleukin-1 (IL-1)–stimu-
nents may provide molecular switches that mediate structurallated signals and gene expression in mesangial cells (MCs)
to identify molecular mechanisms of MC activation, a process rearrangements and biochemical processes characteristic of
characteristic of glomerular inflammation. The JNK1 pathway MC activation and could provide a novel target(s) for therapeu-
has been implicated in cell fate decisions, and IL-1 stimulates the tic intervention.
Jun N-terminal/stress-activated protein kinases (JNK1/SAPK).
However, early postreceptor mechanisms by which IL-1 activates
these enzymes remain unclear. Free arachidonic acid (AA) acti-
Inflammation and tissue injury rapidly stimulate in-vates several protein kinases, and because IL-1 rapidly stimulates
phospholipase A2 (PLA2) activity to release AA, IL-1–induced terleukin-1 (IL-1) synthesis in many organs, including
activation of JNK1/SAPK may be mediated by AA release. the kidney [1, 2]. Systemically, IL-1 induces fever, the
Methods. MCs were grown from collagenase-treated glo- acute phase response, and neutrophilia; locally, this cyto-
meruli, and JNK/SAPK activity in MC lysates was determined
kine mediates tissue injury and remodeling. Two distinctusing an immunocomplex kinase assay.
IL-1 cell surface receptors, an 80 kDa type I and a 68 kDaResults. Treatment of MCs with IL-1a induced a time-depen-
dent increase in JNK1/SAPK kinase activity, assessed by phos- type II receptor, have been cloned and characterized [2].
phorylation of the activating transcription factor-2 (ATF-2). Most cells, including glomerular mesangial cells (MCs),
Using similar incubation conditions, IL-1 also increased [3H]AA
express the type I IL-1 receptor (IL-1R) [1]. The typerelease from MCs. Pretreatment of MCs with aristolochic acid,
II IL-1R functions as a molecular trap for IL-1 to inhibita PLA2 inhibitor, concordantly reduced IL-1–regulated [3H]AA
release and JNK1/SAPK activity, suggesting that cytosolic AA IL-1 activity and does not activate either cytoplasmic or
in part mediates IL-1–induced JNK1/SAPK activation. Addi- nuclear signaling pathways [2]. In contrast, the 217 amino
tion of AA stimulated JNK1/SAPK activity in a time- and
acid cytosolic domain of the IL-1R is required to trans-concentration-dependent manner. This effect was AA specific,
duce intracellular signals [3, 4] that activate the latentas only AA and its precursor linoleic acid stimulated JNK1/
SAPK activity. Other fatty acids failed to activate JNK1/SAPK. transcription factors nuclear factor-kB (NF-kB) and acti-
Pretreatment of MCs with specific inhibitors of AA oxidation vated protein-1 (AP-1). These molecules induce expres-
by cyclooxygenase, lipoxygenase, and cytochrome P-450 epoxy-
sion of many inflammatory response genes, a mechanismgenase had no effect on either IL-1– or AA-induced JNK1/
by which IL-1 causes changes in cellular function.SAPK activation. Furthermore, stimulation of MCs with the
exogenous cyclooxygenase-, lipoxygenase-, phosphodiesterase-, The precise mechanisms linking the IL-1–IL-1R inter-
and epoxygenase-derived arachidonate metabolites, in contrast action to downstream signaling and transcriptional activa-
to AA itself, did not activate JNK1/SAPK. tion remain incompletely defined. Both direct immuno-
precipitation and cross-linking of IL-1 to cells expressing
1 See Editorial, p. 2070 IL-1R demonstrate that the IL-1R is a multisubunit com-
plex. Similar to the nonligand-binding subunits of theKey words: inflammation, phospholipase A2, signal transduction, phos-
pholipid-derived messengers. hematopoietic cytokines, an IL-1R accessory protein
(IL-1RAcP) increases the binding affinity of the IL-1R
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the IL-1R cytosolic domain and are required for gene Cell culture
transcription [7]. Mesangial cells, characterized as previously published
Although the connections between the IL-1R and [15], were grown from collagenase-treated rat glomeruli
NF-kB activation have been characterized [8], the IL-1– in RPMI-1640 medium containing 8.5% fetal bovine se-
activated signals that culminate in AP-1 activation are rum (FBS) and 8.5% calf serum, 15 mm HEPES, penicil-
less well defined and are not identical to pathways that lin (100 U/ml), streptomycin (100 mg/ml), fungizone (100
stimulate NF-kB activity [9, 10]. IL-1 rapidly and specifi- mg/ml), insulin (5 mg/ml), transferrin (5 mg/ml), and so-
cally activates the Jun N-terminal/stress-activated protein dium selenite (5 mg/ml). After incubation with IL-1, AA,
kinase (JNK1/SAPK), a member of a family of mitogen- or the indicated eicosanoid inhibitors, MC viability was
activated protein (MAP) kinases that stimulates AP-1 assessed by the mitochondrial reduction of the tetrazo-
activity [11]. Characterization of the upstream signaling lium salt 3-(4,5-dimethylthiazoyl-2-yl)-2,5-diphenyltetra-
pathways leading to the activation of stress kinases would zolium bromide (MTT; Sigma), as we have described.
further define molecular mechanisms of IL-1–stimulated None of these agents were cytotoxic at concentrations
cellular activation. The IL-1R–associated kinase, IRAK, employed in these experiments (data not shown).
and IL-1RAcP appear necessary for JNK1/SAPK activa-
tion [6], and TRAF6 stimulates JNK1/SAPK when over- [3H]arachidonate release
expressed [9]. Arachidonic acid (AA) and members of Basal and stimulated AA release was determined as
the rho family of small guanosine triphosphate (GTP)- previously described [15], with minor modifications [18].
binding proteins also regulate the kinase cascade that Briefly, MCs were plated in 60 mm dishes and, at 50%
leads to JNK1/SAPK activation [12–14]. One of the earli- confluence, were serum-deprived in HEPES (10 mm)-
est cytosolic signaling events stimulated by IL-1 is the buffered RPMI and labeled for 20 hours with 1.5 mCi
hydrolysis of AA from membrane phospholipids by of [3H]AA [5,6,8,9,11,12,14,15, 3H (N), 100 Ci/mmol;
phospholipase A2 (PLA2) activation [15–17]. We have NEN Life Science Products]. Following labeling, cells
hypothesized that AA participates in IL-1–stimulated were washed twice with HEPES-buffered RPMI con-
JNK1/SAPK activation to alter cellular structure and
taining 0.5% bovine serum albumin (BSA; fatty-acid
function by inducing the expression of a specific gene
free; Calbiochem Corp., San Diego, CA, USA) and incu-
set. In these experiments, using cultured glomerular MCs
bated with 1.5 ml of fresh BSA-RPMI with or withoutas a model system for inflammatory tissue injury, we
aristolochic acid (40 mm) for an additional 30 minutes.investigated whether AA hydrolysis and metabolism
The experiment was initiated by the addition of vehiclecontribute to IL-1–induced JNK1/SAPK activation.
or IL-1 (10 ng/ml). After 30 minutes, the incubation media
was removed, rapidly placed on ice, and extracted twice
METHODS with two volumes of ethyl acetate/2% HCl containing
20 mg unlabeled AA as the carrier. The organic phaseMaterials
was dried under N2 and resolubilized in ethanol. FreeRecombinant human IL-1a (IL-1, 3 3 108 units/mg)
arachidonate was separated from other lipids using thinwas kindly provided by Dr. Richard Chizzonite (Hoff-
layer chromatography (TLC) as previously described [15]man-LaRoche, Nutley, NJ, USA). The endotoxin content
and quantitated by liquid scintillation counting.and specific activity of this preparation have been pub-
lished [15]. Aristolochic acid, stearic acid, oleic acid, lino-
JNK1/SAPK immunoprecipitation and kinase assays
leic acid, eicosapentanoic acid, 5,8,11,14-eicosatetraynoic
Mesangial cells were held in serum-free RPMI me-acid (ETYA), indomethacin, nordihydroguaiaretic acid
dium for two hours prior to treatment with the tested(NDGA), caffeic acid, ketoconazole, prostaglandin E2
reagents according to the indicated protocols. In some(PGE2), 12(S)-hydroperoxyeicosa-5Z,8Z,10E,14Z-tetra-
experiments, MCs were treated with a known activatorenoic acid (12-HPETE), 15(S)-hydroperoxyeicosa-5Z,8Z,
of JNK1/SAPK, UV-C light (at 160 J/m2, wavelength 25411Z,13E-tetranoic acid (15-HPETE), 14,15-epoxy-eicosa-
nm) using a Stratagene cross-linker. At the conclusion5Z,8Z,11Z-trienoic acid (14,15-EET), and U-46619 were
of each incubation period, MCs were lysed in 50 mm Trisobtained from Biomol (Plymouth Meeting, PA, USA).
(pH 7.2), 1 mm ethylene glycol-bis (b-aminoethyl ether)AA (tissue culture grade), purified rabbit IgG, and anti-
N,N,N9,N9-tetraacetic acid (EGTA), 1 mm Na3VO4, 0.1rabbit IgG-agarose beads were purchased from Sigma
mm phenylmethylsulfonyl fluoride (PMSF), 1% (wt/wt)(St. Louis, MO, USA). [g-32P]ATP was from Dupont/
Triton X-100, 25 mg/ml leupeptin, and 100 kallikrein unitsNEN (Boston, MA, USA). Polyclonal anti-JNK1/SAPK
aprotinin [7]. Cell lysates, containing equal amount of(also designated p54 g) antibodies, which are weakly
protein (400 mg), were precleared sequentially using pu-reactive against JNK2 (p54a) and p54b, and recombinant
rified nonimmune rabbit IgG and goat antirabbit IgG-ATF-2 protein were purchased from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA, USA). agarose beads at 48C for 60 minutes. After centrifugation
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at 10,000 3 g, supernatants were collected and incubated
overnight at 48C on a rotating platform with 1 mg anti-
JNK1/SAPK polyclonal antibody and 25 ml goat antirab-
bit IgG-agarose. After centrifugation, immunoprecipi-
tates were washed twice with lysis buffer and once with
kinase buffer (20 mm HEPES, pH 7.6, 20 mm MgCl2, 25
mm b-glycerol phosphate, 0.1 mm Na3VO4, 2 mm dithi-
othreitol). Immunoprecipitate-associated kinase activity
was assayed at 308C for 15 minutes in 30 ml kinase buffer
containing recombinant ATF-2 (0.5 mg) as the substrate,
20 mm ATP, and 5 mCi of [g-32P] ATP. The kinase reac-
tion was terminated with 40 ml of Laemmli sample buffer
[125 mm Tris, pH 6.8, 20% glycerol, 4% sodium dodecyl
sulfate (SDS), and 2% 2-mercaptoethanol]. After boiling
for five minutes, the samples were resolved by 10% SDS-
Fig. 1. Interleukin (IL)-1 time dependently activates Jun N-terminal/polyacrylamide gel electrophoresis (SDS-PAGE), stained
stress-activated protein kinase (JNK1/SAPK). Mesangial cells (MCs)
with Coomassie blue, and destained with 20% methanol, were serum-deprived for two hours and then incubated with 10 ng/ml
IL-1 at 378C for the indicated times (lane 2 through 5) and 160 J/m210% acetic acid, and 70% H2O. The gel was dried, and
ultraviolet light (lane 6). The activity of JNK1/SAPK was measured inincorporated [32P] was visualized by autoradiography.
immunocomplex protein kinase assays containing [g-32P]ATP and
Autoradiograms representative of two to four separate ATF-2 as substrate, as described in the Methods section. Phosphory-
lated ATF-2 was resolved by SDS-PAGE detected by autoradiography.experiments are shown. After autoradiography, phos-
Autoradiograph is representative of two independent experiments.phorylated ATF-2 bands, identified by Coomassie blue
staining, were excised from the gel, and incorporated
radioactivity was quantitated by liquid scintillation count-
ing. JNK1/SAPK activity is presented relative to control Table 1. Interleukin (IL)-1-stimulated [3H]arachidonic acid release
is inhibited by aristolochic acidcells, which were not treated with agonist (1.0).
[3H]arachidonic acid released
Condition cpmRESULTS
Control 13,47761000
Interleukin-1 activates JNK1/SAPK activity in IL-1 20,39861756*
IL-1 1 aristolochic acid 14,80661112**mesangial cells
Mesangial cells were labeled with [3H]AA as described in the Methods section.Because we have previously shown that IL-1 (10 ng/ml)
Aristolochic acid was added 30 minutes prior to stimulation with IL-1 (10 ng/ml).
maximally activates type IV (cytosolic) phospholipase [3H]AA release in control and IL-1-treated cells was measured during the subse-
quent 30 minutes. Results are the mean 6 se of six individual experiments. TotalA2 (cPLA2) activity [15], MCs were incubated with IL-1
[3H]AA incorporation was the same in control, IL-1-stimulated and aristolochic
(10 ng/ml) for the indicated times, and JNK1/SAPK ac- acid-treated cells. Comparisons were made by one way ANOVA with pairwise
multiple comparison by Student-Newman-Keuls method.tivity was determined using an in vitro kinase assay. Simi-
a P , 0.05, compared to the control AA release
lar to results reported using HeLa cells [11], IL-1 rapidly b P , 0.05, compared to the IL-1-stimulated AA release
stimulated JNK1/SAPK activity approximately fourfold.
Kinase activity peaked by 15 minutes after IL-1 stimula-
tion. IL-1–stimulated JNK1/SAPK activity remained near
that AA hydrolysis and metabolism may mediate IL-1–maximal through 30 minutes of IL-1 stimulation and sub-
induced JNK1/SAPK activation. We first determined ifsequently declined. However, IL-1–induced JNK1/SAPK
IL-1 directly stimulated MC [3H]AA release using incu-activity was detectable for as long as 90 minutes after
bation conditions for determining JNK1/SAPK activity.IL-1 treatment of the MCs (Fig. 1). In contrast, IL-1 did
As shown in Table 1, IL-1 stimulated MC [3H]AA releasenot stimulate either mitogen-activated/extracellular re-
by almost twofold. Next, MCs were pretreated with thesponse kinase kinase (MEK), the specific activator of
PLA2 inhibitor, aristolochic acid, under conditions thatextracellular signal-related kinases (ERK), or ERK (data
we had shown to inhibit PLA2 activity (40 mm for 30not shown).
min) [15], and were subsequently stimulated with IL-1.The PLA2 inhibitor, aristolochic acid, concordantly
Aristolochic acid significantly inhibited both IL-1–inhibits IL-1–stimulated MC [3H]AA release and JNK1/
stimulated MC [3H]AA release (Table 1) and JNK1/SAPK activity. We have previously observed a significant
SAPK activity (Fig. 2A), suggesting that AA may medi-stimulation of PLA2 activity as early as 5 to 10 minutes
ate IL-1–induced activation of JNK1/SAPK. When [32P]after the addition of IL-1 to MCs [15]. Because others
phosphorylation of ATF-2 was quantitated as an indexhave shown that AA and other polyunsaturated fatty
acids can activate MAP kinases [19–21], we hypothesized of JNK1/SAPK activity, approximately 50 to 60% inhibi-
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Fig. 3. Exogenous arachidonic acid (AA) time-dependently activates
JNK1/SAPK. Mesangial cells were serum-deprived for two hours and
were incubated with 32 mm AA for the indicated times at 378C. Samples
from the last lane (UV) were treated with 160 J/m2 ultraviolet light.
JNK1/SAPK activity was measured as described in Figure 1. Phosphory-Fig. 2. Phospholipase A2 (PLA2) inhibition blocks interleukin (IL)-1– lated ATF-2 was detected by autoradiography after SDS-PAGE. (A)induced Jun N-terminal/stress-activated protein kinase (JNK1/SAPK)
Autoradiograph that is representative of three experiments. (B) Histo-activation. Mesangial cells (MCs) were serum deprived for two hours,
gram representing the mean values obtained by scintillation countingpretreated with 40 mm aristolochic acid (Aris) at 378C for 30 minutes,
of phosphorylated ATF-2. The results are expressed as means 6 se,and then stimulated with 10 ng/ml IL-1 at 378C for 15 minutes (lane
with 1.0 arbitrarily defined as 32P content in control sample. Symbols3). Lane 2 was treated with 10 ng/ml IL-1 at 378C for 15 minutes as
are: ( ) control; ( ) AA 10 min; ( ) AA 20 min; (h) AA 30 min;positive control. JNK1/SAPK activity was measured as described in
( ) AA 60 min; ( ) UV light.Figure 1. Phosphorylated ATF-2 was detected by autoradiography after
SDS-PAGE. (A) Autoradiograph that is representative of four experi-
ments. (B) Histogram representing the mean values obtained by scintil-
lation counting of phosphorylated ATF-2. Symbols are: ( ) control;
( ) IL-1; ( ) Aris 1 IL-1. The results are expressed as means 6 se, these data suggest that an AA-dependent pathway par-
with 1.0 arbitrarily defined as 32P content in control sample.
tially mediates IL-1–stimulated JNK1/SAPK activation.
Arachidonic acid specifically stimulates
JNK1/SAPK activitytion by aristolochic acid consistently was observed (Fig.
2B). IL-1–stimulated [3H]AA release was blocked almost To further understand the role of AA in IL-1–
stimulated JNK1/SAPK activation, we incubated MC70% by aristolochic acid, a degree of inhibition similar
to that obtained in the JNK1/SAPK assay. We have with AA (32 mm) at the indicated time points. Figure 3
shows the rapid and persistent activation of JNK1/SAPKpreviously reported that aristolochic acid inhibited by
approximately 50% the PLA2 activity in extracts of MCs by exogenous AA. Stimulation of JNK1/SAPK activity
was observed as early as 10 minutes, with maximal activa-stimulated with IL-1 for 20 minutes. Taken together,
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weakly activated JNK1/SAPK in comparison to AA. In
contrast, neither oleic acid (not shown), the commonly
occurring saturated fatty acid stearic acid (Fig. 4), nor
the arachidonate analogue DEDA (Fig. 4) is a substrate
for enzymatic oxygenation. All failed to stimulate JNK1/
SAPK activity, suggesting that further metabolism of
polyunsaturated fatty acids may be requisite for JNK1/
SAPK activation.
Arachidonic acid metabolism is not required to
activate SAPK/JNK
Rat MCs synthesize cyclooxygenase-, 12-,15-lipoxy-
genase-, and cytochrome P450 epoxygenase-derived AA
metabolites, which have been implicated in cell-specific
signaling events. We next tested whether AA metabo-
lism was required for JNK1/SAPK activation. MCs were
pretreated for 15 minutes with the cyclooxygenase inhib-
itor indomethacin (20 mm), lipoxygenase inhibitors caf-
feic acid (10 mm) and NDGA (10 mm), or the cytochrome
P450 epoxygenase inhibitor ketoconazole (20 mm) and
were subsequently stimulated with IL-1 (10 ng/ml, 15
min) or AA (32 mm, 30 min). We and others have shown
these treatment protocols effectively inhibit enzymatic
oxygenation of AA by MCs. None of the AA oxygen-
ation inhibitors significantly blocked IL-1– (Fig. 5) or
AA–induced JNK1/SAPK activation (Fig. 6).
Fig. 4. Effects of other polyunsaturated fatty acids on JNK1/SAPK To test further whether the activation of JNK1/SAPK
activity. Mesangial cells were serum-deprived for two hours and incu- activation was due to AA itself or to an AA metabolite,
bated with 32 mm AA (lane 2), 30 mm linoleic acid (lane 3), 30 mm
MCs were incubated with specific oxygenation productsDEDA (lane 4), 30 mm dihomo-g-linolenic acid (lane 5), or 30 mm
stearic acid (lane 6) at 378C for 60 minutes. JNK1/SAPK activity was synthesized by AA-stimulated MCs. MCs were exposed
measured as described in Figure 1. Phosphorylated ATF-2 was detected to the cyclooxygenase-derived metabolite PGE2 (150 nm),by autoradiography after SDS-PAGE. (A) Autoradiograph that is rep-
the 12-,15-lipoxygenase-derived metabolites, 12-HPETEresentative of three experiments. (B) Histogram representing the mean
values obtained by scintillation counting of phosphorylated ATF-2. The (150 nm) and 15-HPETE (150 nm), and the cytochrome
results are expressed as means 6 sd, with 1.0 arbitrarily defined as 32P P-450 epoxygenase-derived metabolite, 14,15-EET (150content in control sample. Symbols are: ( ) control; ( ) AA; ( )
nm). In addition, cells were treated with U-46619 (150linoleic acid; (h) DEDA; ( ) dihomo-g-linolenic acid; ( ) stearic acid.
nm), a stable thromboxane receptor agonist and a mi-
metic of the cyclooxygenase-derived metabolite throm-
boxane A2. Using the indicated incubation conditions,
tion occurring approximately 60 minutes after the addi- these AA metabolites have previously been shown to
tion of exogenous AA (Fig. 3). AA also stimulated generate intracellular signals in cultured MCs. When
JNK1/SAPK activity in a concentration-dependent man- compared with free AA, the AA metabolites consistently
ner, with reproducible activation being induced by AA failed to stimulate JNK1/SAPK activity (Fig. 7), even
concentrations as low as 3.3 mm (data not shown). AA when the length of the incubation period was varied
(65 mm), the highest tested concentration, induced an between 5 and 60 minutes (Table 2). Taken together,
approximately sixfold to sevenfold increase in JNK1/ these data suggest that AA activates JNK1/SAPK by a
SAPK activity (data not shown). mechanism that does not require enzymatic oxygenation.
To determine if AA-mediated JNK1/SAPK activa-
tion was specific for this fatty acid, we assessed the effects
DISCUSSIONof oleic, linoleic, and stearic acids and the nonmetab-
Local and systemic synthesis of the cytokine IL-1 is aolizable AA analogue, 7,7 dimethyl-5,8-eicosadienoic
hallmark of inflammatory tissue injury [2] and occurs inacid (DEDA), on JNK1/SAPK activity. AA was unique
among these fatty acids in the magnitude of enhance- kidney inflammation [1]. Our laboratory has studied IL-1–
stimulated cytosolic signaling pathways in MCs to identifyment of JNK1/SAPK activity relative to control cells
(Fig. 4). Linoleic acid (Fig. 4), an AA precursor, as well as molecular mechanisms of MC activation, a process char-
acteristic of glomerular inflammation. Binding of IL-1a substrate for both cyclooxygenase and lipoxygenases,
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Fig. 6. Effects of arachidonic acid (AA) oxidation pathway inhibitors
on AA-induced JNK1/SAPK activation. The experimental conditions
Fig. 5. Effects of arachidonic acid (AA) oxidation pathway inhibitors were identical to those described in the legend of Figures 5 except that
on IL-1–induced JNK1/SAPK activation. Mesangial cells were serum- the mesangial cells were stimulated with 32 mm AA for 60 minutes after
deprived for two hours, incubated with 20 mm indomethacin, 10 mm the preincubation with the AA oxidation pathway inhibitors. JNK1/
caffeic acid, 10 mm NDGA, or 20 mm ketoconazole at 378C for 15 SAPK activity was measured as described in Figure 1. Phosphorylated
minutes, and stimulated with 10 ng/ml of IL-1 at 378C for another 15 ATF-2 was detected by autoradiography after SDS-PAGE. (A) Autora-
minutes. JNK1/SAPK activity was measured as described in Figure 1. diograph that is representative of three experiments. (B) Histogram
Phosphorylated ATF-2 was detected by autoradiography after SDS- representing the mean values obtained by scintillation counting of phos-
PAGE. (A) Autoradiograph that is representative of three experiments. phorylated ATF-2. The results are expressed as means 6 se, with 1.0
(B) Histogram representing the mean values obtained by scintillation arbitrarily defined as 32P content in control sample. Symbols are: ( )
counting of phosphorylated ATF-2. The results are expressed as means 6 control; ( ) AA; ( ) AA 1 indomethacin; (h) AA 1 caffeic acid;
se, with 1.0 arbitrarily defined as 32P content in control sample. Symbols ( ) AA 1 NDGA; ( ) AA 1 ketoconazole.
are: ( ) control; ( ) IL-1; ( ) IL-1 1 indomethacin; (h) caffeic acid;
( ) IL-1 1 NDGA; ( ) IL-1 1 ketoconazole.
SAPK by IL-1 in a number of cell types, including MCs
[11, 22–24]. Similar to the MCs, IL-1 has been shown toto the type I IL-1R initiates intracellular events that result
rapidly stimulate the AA release from other cell types,in short- and long-term changes in cellular function, de-
an effect that has been blocked with the PLA2 inhibitorscriptively termed cellular activation. The biochemical
aristolochic acid or antisense inhibition of PLA2 expres-signals mediating IL-1–induced cellular activation re-
sion [16, 18]. We also have demonstrated that aristolochicmain incompletely understood. Earlier studies have
acid blocked IL-1–induced [3H]AA release and have ad-demonstrated that the IL-1–IL-1R interaction rapidly
ditionally shown concordant inhibition of JNK1/SAPKgenerates phospholipid-derived signaling molecules, in-
activity, suggesting that intracellular AA hydrolysis par-cluding AA, and stimulates protein phosphorylation on
tially mediates IL-1–stimulated JNK1/SAPK activation.serine, threonine, and tyrosine residues [2]. Because un-
Two reasons can explain the incomplete inhibitory effectsaturated fatty acids can activate a number of kinases,
of aristolochic acid on IL-1–stimulated JNK1/SAPK ac-we tested the hypothesis that changes in IL-1–stimulated
tivity. First, IL-1–induced JNK1/SAPK activation mayAA could mediate the activation of JNK1/SAPK, a ki-
result from signals generated by AA-independent path-nase activated by IL-1.
ways. Second, we have previously published that aristo-Our results are consistent with previously published
data, which have demonstrated rapid activation of JNK1/ lochic acid submaximally inhibits IL-1–stimulated PLA2
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Fig. 7. Effects of arachidonic (AA) metabo-
lites on JNK1/SAPK activity. Mesangial cells
were serum deprived for two hours. The cells
were subsequently treated with ultraviolet
light 160 J/m2 (lane 2) or incubated with 150
nm PGE2 (lane 3), 150 nm 12(S)-HPETE (lane
4), 150 nm 15(S)-HPETE (lane 5), 14,15-EET
150 nm (lane 6), 150 nm U-46619 (lane 7), and
8 ml methyl acetate (solvent for U-46619, as
control, lane 8) for 20 minutes at 378C and 32
mm AA for 60 minutes at 378C (lane 9) and
10 ng/ml IL-1 for 15 minutes at 378C (lane
10). JNK1/SAPK activity was measured as de-
scribed in Figure 1. Phosphorylated ATF-2
was detected by autoradiography after SDS-
PAGE. (A) Autoradiograph that is represen-
tative of three experiments. (B) Histogram that
represents the mean values obtained by scin-
tillation counting of phosphorylated ATF-2.
The results are expressed as means 6 se, with
1.0 arbitrarily defined as 32P content in control
sample. Symbols are: ( ) control; ( ) UV
light; ( ) PGE2; (h) 12(s)-HPETE; ( )
15(s)-HPETE; ( ) 14,15-EET; ( ) U-46619;
( ) methyl acetate; ( ) AA; ( ) IL-1.
Table 2. Arachidonic acid metabolites do not stimulate SAPK/JNK1 activity
Time Control PGE2 12(s)-HPETE 15(s)-HPETE 14,15-EET U46619 AA
5 min 143 63 143 68 159 615 15568 11367 156 619 ND
20 min 138 673 165 671 157 643 157620 154631 160 648 ND
60 min 143 612 142 612 156 63 170642 139617 132 633 576 620
MC were incubated with the indicated metabolite for the indicated time. Cells were harvested and assayed for SAPK/JNK1 activity as indicated in the “Experimental
Procedures” section. The data represent mean 6 range. 32P(cpm) incorporated into ATF-2 of duplicate samples. ND is not determined. Abbreviations are in the Appendix.
activities [15, 25]. The kinetics of IL-1–stimulated JNK1/ dependent signaling pathway mediates, at least in part,
IL-1–stimulated JNK1/SAPK activity, exogenous AASAPK activity are consistent with previously described
kinetics of IL-1–induced cPLA2 activation in MCs [15] also activated JNK1/SAPK in a time- and concentration-
dependent manner. The stimulatory effect of AA onand are unlikely to be due to induction of a specific type
II secretory PLA2 activity, which requires 6 to 10 hours JNK1/SAPK activity was specific. Among tested fatty
acids, only the AA precursor linoleic acid activatedof IL-1 stimulation before it is expressed [25]. However,
IL-1 stimulates other type II PLA2 enzymes as well as JNK1/SAPK, and this small effect may represent AA
formation from linoleic acid. Inhibitors of AA oxidationcalcium-independent PLA2 in other cells [17, 26]. The
precise mechanism by which IL-1 stimulates MC AA did not prevent either IL-1– or AA-induced JNK1/SAPK
activation. Several AA oxygenation products also failedrelease will need further analysis using molecular genetic
methodologies. to activate JNK1/SAPK, suggesting that AA itself and
not cyclooxygenase-, lipoxygenase-, or cytochromeConsistent with the hypothesis that an arachidonate-
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P-450–derived metabolites stimulate JNK1/SAPK activ- in a biphasic manner, an effect inhibited by AA [31].
Alternatively, AA and its metabolites regulate functionity. Possibly IL-1–stimulated AA may undergo free-radi-
cal-catalyzed peroxidation to generate F2-isoprostanes, and synthesis of other second messengers that may indi-
rectly stimulate stress kinases. For example, the rho familynonenzymatically generated prostaglandins known to ac-
tivate MAP kinases [27]. of small G proteins, which includes rho, rac, and Cdc42,
has been linked to IL-1–regulated activation of stressAlthough many of our results describing IL-1– and
AA-mediated regulation of JNK1/SAPK activity are kinases [12, 13]. AA induces translocation of the GTP-
bound active form of the small G-protein rac and regu-concordant, a simple model of AA as an IL-1–activated
second messenger does not explain our kinetic data. IL-1 lates the association of rac with its guanosine diphosphate
dissociation inhibitor [32, 33]. Ceramide also stimulatesactivated JNK/SAPK within 15 minutes, but in contrast,
maximal stimulation of JNK/SAPK by exogenous AA stress kinase activity and is formed in IL-1–stimulated
cells, including MCs [23]. AA stimulates sphingomyelinwas not observed until 60 minutes. This discordance be-
tween JNK1/SAPK activation by IL-1 and AA may re- hydrolysis and concomitant ceramide generation [34, 35],
providing another mechanism by which IL-1–stimulated,flect limited permeability of plasma membrane to exoge-
nous AA. In this setting, more time may be required for PLA2-dependent AA release could indirectly regulate
JNK1/SAPK activity. Finally, AA hydrolysis, reacyla-cytosolic AA concentrations to reach threshold levels for
JNK1/SAPK activation. In addition, IL-1 also stimulates tion, and transacylation remodel the phospholipid struc-
ture of the cell membrane, a process that can indepen-AA reacylation into membrane phospholipids [28], an
effect that may contribute to the relatively transient IL-1– dently control signal transduction pathways [36].
Free AA can activate both ERKs and stress kinases,mediated JNK1/SAPK activation. Alternatively, the more
rapid stimulation of JNK1/SAPK by IL-1 in comparison but the engagement of IL-1 to IL-1R, which generates
AA, potently stimulates JNK1/SAPK activity but onlyto AA may require another IL-1–activated, AA-indepen-
dent signaling cascade. weakly activates ERK in MCs (data mentioned earlier
here) [23, 24] and other cells [11]. These data suggestBecause the original observation that AA and other
polyunsaturated fatty acids function as second messen- that cytosolic AA-stimulated signaling pathways are mod-
ified by concomitant generation of other IL-1–activatedgers, AA has been shown to regulate protein kinase C,
cAMP-dependent protein kinase, diacylglycerol kinase, signals, resulting in selective activation of specific MAP
kinase cascades. For example, IL-1 also stimulates cera-and insulin receptor-associated tyrosine kinase. AA also
stimulates protein tyrosine phosphorylation. Pertinent mide formation in MCs, and ceramide can suppress ago-
nist-stimulated ERK activation [23]. Such combinatorialto our studies, AA stimulates activity of both the ERKs
and stress kinases in other cell types. AA activates ERK1 interactions must be pivotal events in ligand-specific cel-
lular responses and provide a mechanism to allow anand ERK2 in vascular smooth muscle cells through its
lipoxygenation to 15-HETE [19] and also stimulates these almost universally stimulated intracellular messenger such
as AA to generate ligand-specific, cellular responses.kinases in liver epithelial WB cells [21]. In kidney epithe-
lial cells, AA activates JNK1/SAPK by stimulation of nico- Mesangial cell activation, by a process similar to myo-
fibroblast differentiation, is critically involved in bothtinamide adenine dinucleotide phosphate (NADPH) oxi-
dase and, similar to our data, independently of eicosanoid the acute inflammatory and chronic fibrosing processes
that culminate in glomerulosclerosis [37, 38]. However,biosynthesis [20]. AA-induced JNK activation may medi-
ate IL-1 and tumor necrosis factor-a (TNF-a) stimulation the molecular mechanisms that control expression of an
activated MC phenotype remain unclear. We have studiedof c-jun activity in a murine stromal cell line [14]. In
contrast to these reports, another study demonstrated IL-1–stimulated signals and gene expression in MCs in an
attempt to identify switches, which regulate the transi-that the lipid second messenger molecule ceramide, but
not AA, activated the JNK/SAPK cascade in U937 cells tion from a normal to an activated state. Our data demon-
strate that AA mediates, at least in part, IL-1–induced[29]. However, U937 cells were only stimulated with the
lipid mediators for 20 minutes, a time prior to AA-stimu- JNK1/SAPK activation through a cyclooxygenase-, lipoxy-
genase-, and cytochrome P-450 epoxygenase-indepen-lated JNK1/SAPK activation in MCs (Fig. 3), and AA
may regulate the stress kinase cascade and stress kinase- dent mechanism. The stress kinase cascade has been
implicated in cell fate decisions, including differentiation,regulated cellular responses in a cell-specific manner.
The exact mechanisms by which AA regulates the growth arrest, and cell death. Interestingly, glomerular
stress kinases are transiently activated after induction ofactivity of JNK1/SAPK or other kinases are unclear. AA
and other lipid mediators can directly regulate kinase anti-glomerular basement membrane nephritis [39] in a
temporal pattern concordant with IL-1 mRNA expres-activity. AA and other cis-unsaturated fatty acids stimu-
late activity of partially purified, epidermal protein kinase sion in this model [40]. We speculate that the stress
kinase cascade may provide a molecular switch that con-C (PKC) in an in vitro kinase assay system [30]. Ceramide
specifically binds to and regulates kinase activity of PKCz trols the structural rearrangements and biochemical pro-
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